INTRODUCTION
Rainfall-runoff models are used widely by hydrologists around the world and are considered as the main part of flood forecasting systems. Accurate flood forecasting is important in urban studies and still remains one of the unsolved problems in operational hydrology (Garrote & Bras ) . Depending on the model type, streamflow is simulated using different series of data, such as rainfall, temperature, evaporation, soil type data, etc. Generally, they are divided into three main categories, as follows. (1) Lumped model: the catchment and hydrometeorological variables are treated as a whole without the consideration on their spatial variations (e.g. average rainfall is used instead of spatially varied rainfall, etc.). The main advantages of lumped models are simplicity which provides a good opportunity for users to carry out relatively quick and easy hydrological simulations. Therefore, lumped models are considered as practical models to implement in real-time flood forecasting systems for which the time factor is important.
A major limitation about lumped models is related to their inability to consider the internal variations of hydrological process (Singh & Fiorentino ) . Hence, the catchment size becomes an important factor and selecting small or midsize catchment may lead to more feasible simulations by Among these three types of models, the lumped model has the simplest structure and is easy to use by operators. In this study, it has been attempted to prepare an accurate and simple rainfall runoff model to be used in a real-time flood forecasting model. In particular, the IHACRES, a popular rainfall-runoff model, in the current study is modified to increase its ability and flexibility in terms of streamflow simulation. The IHACRES model is a lumped parameter, hybrid conceptual-metric model and was investigated by Jakeman () for converting total rainfall to effective rainfall. Moreover, the new version of the model employs a grid search scheme to calibrate the model parameters. The grid search calibrates the model parameters using an upper bound, a lower bound and a step value assigned to each parameter.
The IHACRES model has been widely used in the hydrological community for over 20 years (Oudin et 
MODELS
This section describes the structure of IHACRES and ERM and the relevant equations. Schematic flowcharts of the models are drawn to show the sequence of converting total rainfall to the streamflow.
IHACRES
The generic structure of the IHACRES model (Figure 1 ) consists of two main modules: (1) a non-linear loss module which converts total rainfall to effective rainfall using temperature or evapotranspiration data; and (2) a second module which transfers the effective rainfall to the streamflow by a linear transfer function (to represent unit-hydrograph).
For the non-linear module to convert rainfall to effective rainfall, rainfall and temperature data are required. The effective rainfall u is calculated by the following equation:
where k is time, r k is total rainfall mm, c, l and p are parameters (mass balance, soil moisture index threshold and power on soil moisture, respectively), φ k is soil moisture index calculated by the following equations:
where τ k is drying rate at time t, τ ω is reference drying rate, f, 
where Q quick ð Þ k and Q slow ð Þ k are quick and slow flows, respectively, α q and β q are recession rate and peak response for quick flow and α s and β s are for slow flow, respectively. The relation between the routed slow and quick flow volumes can be defined by a portion of total flow for the two components (Equation (7)).
where V q is the portion of the quick flow to the total flow and V s in the portion of slow flow. Also, Dynamic Response Characteristics (DRCs) for the quick and slow flows are calculated by the flowing equations:
where ▵ is the time step, τ q and τ s are the recession time constants for quick and slow flows, respectively.
ERM
Similarly to the IHACRES model, the ERM model consists of one non-linear module for effective rainfall assessment and one module for streamflow estimation. The first module of the ERM model has the same mechanism as the IHACRES, but the discrepancy is observed in the second module to route effective rainfall to streamflow. A schematic structure of the ERM model is demonstrated in Figure 2 .
The Muskingum method has been applied in hydrology studies widely as a river routing module so that users are Equation (10):
where S is storage volume, I is the inflow, O is outflow, K and X are storage constant and weighting factor, respectively. The Muskingum model for flow simulation can be expressed by Equation (11):
where
Q j is the streamflow at the basin outlet, u j is effective rainfall, ▵ t is time interval, C 1 , C 2 , C 3 are the Muskingum coefficients. Equation (11) 
CALIBRATION METHODS
The ERM and IHACRES models are implemented in MATLAB because it is a comprehensive programming language with an efficient optimization toolbox for model calibration. To start the model simulation, three sets of calibration data: rainfall, temperature (or evapotranspiration) and observed streamflow are loaded in the program to calibrate the model parameters. The GA is used to calibrate both the ERM and IHACRES models so that a fair comparison will be made between two models in terms of model calibration and validation. In the following sections, the calibration schemes are described briefly.
Grid search optimization scheme
The latest version of the IHACRES model consists of a calibration scheme which generates a grid network by using parameter ranges specified to each parameter. Also, to generate the points of network a step value must be assigned to each parameter to divide the parameter range to small values. Obviously, it is clear that selecting the small step values will lead to more parameters checks.
The main concern is to select proper parameter range
and step values which is a tricky job, especially when there is no full recognition about the catchment characteristics. On the other hand, during the calibration process by the grid search scheme, it has been observed that the calibration process is very time consuming and the running time could be up to several hours to achieve a relatively feasible combination of parameters. Also, the possibility of missing the best parameters which may be out of the step value is high. To overcome this issue, after implementation of the IHACRES model by the MATLAB, the model is calibrated by the GA scheme. The GA provides a good means to evaluate more parameter combinations and avoid local optima. During the IHACRES calibration, seven parameters are involved in the calibration process (τ w , f, t r , l, c, p, τ q , τ s , V s ) directly and the rest of the parameters (α s , β s , α q , β q , V q ) are estimated using Equations (7)- (9). The IHACRES parameters and their calibration ranges are listed in Table 1 .
GA optimization scheme
As mentioned before, the IHACRES model uses a grid search method to estimate the model parameters and the process is time consuming and less accurate, because finding the best ranges for calibrating the model parameters is tricky. GA is a global optimization scheme based on the Darwin evolution theory which has been inspired by natural evolution such as inheritance, mutation, selection and crossover. The concept of GA was presented for the first time by
Holland () and its algorithm was developed by DeJong () for use in optimization problems. The GA optimizer has included a number of concepts such as cross over, Unlike the calibration scheme implemented in the Java version of the IHACRES, the GA algorithm does not require the parameter steps. Therefore, it will lead to more accurate estimation of the parameters which are sensitive in some cases and should be calibrated properly. Table 2 . (12) and (13). In terms of model calibration, the GA algorithm uses the R 2 value as an objective function to derive the best parameter combination.
MODEL PERFORMANCE EVALUATION
The R 2 and RMSE are the most popular indices in hydrological modeling and represent numerical comparisons between simulated and observed streamflows, as in the following equations:
where Q o and Q m are the observed streamflow and modeled streamflow respectively, Q o is the average of the observed streamflow and N is number of data records.
STUDY AREA AND DATA SETS
The main objective of the current study is to explore the struc- The daily rainfall and evaporation data are in 
RESULTS AND DISCUSSION
The objective for the model calibration is to maximize the value of R The higher values of the R 2 and the lower values of RMSE represent the better model performance. Table 5 shows the result obtained by the calibration methods.
As can be observed, using the two routing component streamflow hydrograph in the Namoi catchment shows that the base flow in this catchment is not too high.
Although the performance of the model under two routing component is quite similar in this catchment, the peak flows are simulated better when two routing components are used.
As discussed before, numerical and visual inspection of the observed and simulated streamflows generated by the IHACRES parameters in terms of calibration can prove that using the two routing component can lead to more feasible streamflow simulations. However, this point cannot be said about the results obtained by the ERM model. Similar to the IHACRES model, a series of streamflow hydrographs are generated (Figures 9 and 10 ) by using the ERM calibrated parameters with one and two routing components. In the numerical view, using two routing components in the ERM structure can improve the model performance for the (Brue and Namoi catchments), but not for the Canning catchment.
In the Brue and Namoi catchments, the IHACRES and ERM models have the best performance when two routing should be carried out so that its strengths and weaknesses could be found out for its better adoption in practice.
